Luminescent Eu III coordination polymers with rigid triangular spacer ligands are reported. The Eu III coordination polymer, [Eu3(hfa)9(tppb)2]n (hfa: hexafluoroacetylacetonate, tppb: tris(4-diphenylphosphorylphenyl)benzene), shows high thermo-stability (decomposition temperature = 354˚C) and photoluminescence quantum yield (Φ4f-4f = 82%, photosensitized energy transfer efficiency = 78%). The triboluminescence efficiency of Eu(III) coordination polymer with triangular spacers under laser pulse irradiation (Nd: YAG, λ = 1064 nm, pulse width = 5 ns, pulse energy = 0.1 mJ) is calculated to be 49%. Characteristic triangular structure, high emission quantum yield, effective photosensitized energy transfer and remarkable triboluminescence properties of Eu(III) coordination polymers are demonstrated for the first time.
Introduction
Coordination polymers composed of metal ions and organic joint ligands have attracted considerable attention in the fields of coordination chemistry, inorganic chemistry, supramolecular chemistry, polymer and material science. [1] [2] [3] [4] [5] One-, two-and three-dimensional alternating sequences of metal ions and organic ligands exhibit remarkable characteristics as novel organic-inorganic hybrid materials with various structures, and unique physical properties that can be easily prepared by the combination of metal ions and organic ligands. We here focus on coordination polymers formed with luminescent lanthanide ions, lanthanide coordination polymers. 6 Lanthanide coordination polymers are regarded as attractive luminescent materials because of their characteristic narrow emission bands (full width at half-maximum, fwhm < 10 nm), wide emission area (UV/Vis/near-IR) and long emission lifetimes (τ > ms), based on the 4f-4f transitions. In particular, The Eu III and Tb III coordination polymers are promising monochromatic red and green luminescent materials, respectively, for display and sensing devices. 7, 8 Lanthanide coordination polymers are generally constructed from lanthanide ions and small organic joint parts with two coordination sites. The carboxylic group is a typical functional group that acts as a coordination site for the formation of lanthanide coordination polymers. Daiguebonne and Bünzli reported micro-and nanosized particles of lanthanide coordination polymers linked with benzene-p-dicarboxylates. 9 The Tb III -containing coordination polymers exhibit large emission quantum yields up to 43%. Bettencourt-Dias presented twodimensional coordination polymers composed of lanthanide ions and benzene-m-dicarboxylates (isophthalic acid) or thiophenederivatized isophthalic acid, where the emission quantum yields of the excited Tb III coordination polymers with a π-π* transition were estimated to be 3.6 and 7.5%, respectively. 10 Lanthanide coordination polymers linked with tricarboxylate ligands (benzene and pyridine-2,4,6-tricarboxylate) were reported by Cheng and coworkers. 11 We have reported luminescent lanthanide coordination polymers linked with bidentate phosphine oxide groups. 12 The bidentate phosphine oxide groups are linked with organo-aromatic compounds. The vibrational frequency of phosphine oxide (P=O: 1125 cm -1 ) is smaller than that of the carboxylic group (C=O: ca. 1600 cm -1 ). The smaller vibrational frequency of the coordination site in lanthanide complexes and coordination polymers leads to the suppression of vibrational relaxation from the excited state, which results in a smaller non-radiative rate constant (knr) and a higher emission quantum yield. 13 Combination of bidentate phosphine oxide and low-vibrational Eu(hfa)3 (hfa: hexafluoroacetylacetonate) units are effective for the preparation of strongly luminescent lanthanide coordination polymers that exhibit large emission quantum yields up to 70% under 4f-4f excitation. 12 In this study, we designed novel Eu III coordination polymers with rigid triangular spacer ligands for effective photoand triboluminescence (Figure 1a and b). Triboluminescence is the emission of light originating from mechanical stress on bulk solid materials. 14, 15 Molecular crystals composed of lanthanide complexes and coordination polymers have been studied for effective triboluminescence, recenlty. [16] [17] [18] [19] [20] While there have been extensive discussions on the origin of triboluminescence from molecular crystals, some studies have indicated a contribution of the piezoelectric effect upon breaking non-centrosymmetric bulk crystals. 21 The Eu III coordination polymers with triangular spacers in Figure 1a and b are expected to provide close packed structures and effective crystal cracking under mechanical stress. The Eu III coordination polymers are composed of luminescent Eu(hfa)3 (hfa: hexafluoroacetylacetonate) parts 13 and novel tridentate phosphine oxides ligands, tris(4diphenylphosphorylphenyl)benzene (tppb) and tris(4diphenylphosphorylphenyl)-1,3,5-triazine (tpptz). Based on the their elemental analyses, ratio of Eu(hfa)3 and triangular spacer was estimated to be 2:3. One-dimensional Eu III coordination polymer with dpbp (4,4-Bis(diphenylphosphoryl)biphenyl) was also prepared as a standard reference ( Figure 1c ). Their emission quantum yields can be quantitatively estimated using the radiative and non-radiative rate constants calculated from the emission spectrum and lifetime. 22, 23 We also estimated triboluminescence properties of one-and Eu III coordination polymers under shock wave irradiation using Nd:YAG nanosecond pulse laser. Shock wave irradiation should be effective for quick crushing of the crystals, resulting in observation of the emission spectrum and lifetime from the crushing point or face on the Eu III coordination polymers. Triboluminescence analysis of sugar powders using shock wave laser irradiation in the nearinfrared region according to the source of mechanical stress have been also reported. 24 In the present study, photo-and triboluminescence properties of Eu III coordination polymers with triangular spacers are demonstrated for the first time. 
Results and Discussion

Structural properties
The Eu III coordination polymers, [Eu3(hfa)9(tppb)2]n and [Eu3(hfa)9(tpptz)2]n, were prepared by the complexation of Eu(hfa)3(H2O)2 with the corresponding tridentate phosphine oxide ligands. The X-ray single crystal data of the tppb and tpptz derivatives are shown in the Supporting Information ( Figure S1 , S2 and Table S1 ). Naik and co-workers have reported a π-πs ta cking inte ra ction between triazine-linked tpptz derivatives. 25 The structures of prepared [Eu3(hfa)9(tppb)2]n and [Eu3(hfa)9(tpptz)2]n were also characterized using powder XRD measurements. These XRD spectra are shown in Figure 3a . (Figure 3a : blue-line 2). These peaks of [Eu3(hfa)9(tppb)2]n and [Eu3(hfa)9(tpptz)2]n are much different from that of one-dimensional Eu III coordination polymer [Eu(hfa)3(dpbp)]n. The peaks of Eu III coordination polymers with trianglar spacers might affected by tight packing in the crystals.
The thermal stability of [Eu3(hfa)9(tppb)2]n and [Eu3(hfa)9(tpptz)2]n were evaluated using TGA ( Figure 3b and Table 1 ). The decomposition temperatures for [Eu3(hfa)9(tppb)2]n and [Eu3(hfa)9(tpptz)2]n were estimated to be 354˚C and 355˚C, respectively. These decomposition temperatures are higher than that of corresponding previous [Eu(hfa)3(dpbp)]n (decomposition temperature = 308˚C). 12 The increase in the decomposition temperatures of [Eu3(hfa)9(tppb)2]n and [Eu3(hfa)9(tpptz)2]n is caused by tight packing structures of Eu III coordination polymers. 
Photoluminescence properties
In order to estimate electronic structures of tppb and tpptz ligands in solid Eu III coordination polymers, diffuse-reflectance absorption spectra of [Eu3(hfa)9(tppb)2]n and [Eu3(hfa)9(tpptz)2]n were measured. These spectra are shown in Figure 4a and b (solid line). The absorption shoulder bands at 300 nm are attributed to π-π* transitions of the hfa ligands in [Eu3(hfa)9(tppb)2]n and [Eu3(hfa)9(tpptz)2]n, which agree with the absorption band of [Eu(hfa)3(H2O)2] at around 300 nm. The absorption bands at around 340 nm (solid line) are due to triangular spacers, tppb and tpptz (dashed lines). We found remarkable absorption shoulder bands of solid state [Eu3(hfa)9(tppb)2]n at around 400 nm, although absorption bands at around 400 nm were not observed in solid state [Eu(hfa)3(H2O)2], [Eu(hfa)3(tppo)2] (tppo: monodentate triphenyl phosphine oxide), 26 tppb or tpptz (dashed lines). The characteristic absorption shoulder band could be assigned to the interligand charge transfer (ILCT) via charge re-distribution of the hfa ligands. 19 The ILCT state via charge redistribution is formed in close packing crystals. 27 Observation of the characteristic bands at around 350 nm in solid is significant for formation of close packing structures in [Eu3(hfa)9(tppb)2]n crystals. The steady-state emission spectra of [Eu3(hfa)9(tppb)2]n and [Eu3(hfa)9(tpptz)2]n in the solid state are shown in Figure 5a . The wavelength dependence of the detector response and the beam intensity of the Xe light source for the each emission spectrum are calibrated using a standard light source. Emission bands for the Eu III coordination polymers are observed at around 578, 592, 613, 650, and 698 nm, and are attributed to the 4f-4f transitions of 5 D0-7 FJ with J = 0, 1, 2, 3 and 4, respectively. The spectra are normalized with respect to the magnetic dipole transition intensities at 592 nm (Eu: 5 D0-7 F1), which is known to be insensitive to the surrounding environment of the lanthanide ions. 26 The time-resolved emission profiles of [Eu3(hfa)9(tppb)2]n and [Eu3(hfa)9(tpptz)2]n revealed single-exponential decays with lifetimes in the millisecond time scale (Figure 5b ). The emission lifetimes were determined from the slopes of logarithmic plots of the decay profiles. The observed emission lifetimes (τobs) of [Eu3(hfa)9(tppb)2]n and [Eu3(hfa)9(tpptz)2]n were found to be 0.87 and 0.78 ms, respectively. The photosensitized emission efficiency (Φπ-π*) of [Eu3(hfa)9(tppb)2]n and [Eu3(hfa)9(tpptz)2]n excited at 370 nm (ππ ba nd of hfa liga nd) us ing a n inte gra ting s phe re (φ = 100 mm) were estimated to be 64% and 38%, respectively, which are larger than that of the one-dimensional Eu III coordination polymer [Eu(hfa)3(dpbp)]n (Φπ-π* = 29%).
The emission quantum yields (Φ4f-4f), energy transfer efficiencies (ηsens), and radiative (kr) and nonradiative (knr) rate constants for the Eu III coordination polymers are shown in Table  1 . The Φ4f-4f of [Eu3(hfa)9(tppb)2]n was estimated to be 82% in solid state, which is one of the best luminescence performances among Eu III complexes and coordination polymers. 6 The Φ4f-4f of [Eu3(hfa)9(tpptz)2]n was found to be 78%. These high emission quantum yields are caused by small knr values of Eu III coordination polymers with triangular spacers. The non-radiative rate constant knr is generally related to the thermal relaxation from the excited state, which is dependent on the vibrational structure of the luminescent materials. The remarkablely small knr constants of Eu III coordination polymers with triangular spacers may be induced by the close stacking structure of the two-dimensional tppb and tpptz ligands in the crystals. The close packing structure of [Eu3(hfa)9(tpptz)2]n might also produce an asymmetric coordination structure at around the Eu III ions with molecular strain. In particular, the molecular strain in [Eu3(hfa)9(tppb)2]n forms ILCT band and creates effective photosensitized energy efficiency ([Eu3(hfa)9(tppb)2]n: ηsens = 64%, [Eu3(hfa)9(tpptz)2]n: ηsens = 38%). The synergetic effect on the tight packing structure of Eu III coordination polymers with rigid triangular spacers leads to an enhancement in structural stability, high emission quantum yield and effective energy transfer efficiency.
Triboluminescence properties
We observed TL of [Eu3(hfa)9(tppb)2]n upon rubbing and crushing the crystals under an Ar atmosphere (Figure 6a ). The TL spectrum of [Eu3(hfa)9(tppb)2]n using a multi-channel highspeed spectro-analyzer (Hamamatsu Photonics PMA-11 multichannel analyzer) is shown in Figure 6a (the high-speed spectra are not calibrated using a standard light source). The high-speed detection system is different from the photomultiplier detection system with grating systems in Figure 5a . The spectral shape of the electric dipole transition band (613 nm: 5 D0-7 F2 transition) of the TL spectrum (Figure 6a -A) was different from that of photoluminescence (Figure 6a -B, excited at 365 nm: UV-LED). We consider that the coordination symmetry of the luminescent Eu(III) center upon the breaking crystals by the rubbing process (TL) is different from that of photoluminescence of normal bulk crystals. In order to estimate the TL efficiency under an argon atmosphere, we introduced of shock wave irradiation using a nano-second laser pulse (Nd: YAG, λ= 1064 nm, fwhm = 5 nm, pulse energy = 0.1 mJ) for high-speed crushing of the crystals. The emission decay profile is shown in Figure 6b . We successfully observed the decay profile of TL of the Eu III coordination polymer with triangular spacers, [Eu3(hfa)9(tppb)2]n. The decay profile revealed single-exponential decay with lifetime on the microsecond timescale. The TL lifetime is calculated to be 0.57 ms. The TL efficiency, kr and knr, which are based on the TL spectrum and lifetime, are summarized in Table 1 . The TL efficiency of [Eu3(hfa)9(tppb)2]n was calculated to be 49%. The smaller kr value for TL compared to photoluminescence indicates that the coordination symmetry of the triboluminescent Eu III center is different from that of the photoluminescent Eu III center. 28 The knr for triboluminescence is four times larger than that for photoluminescence in [Eu3(hfa)9(tppb)2]n crystals, These results indicate that mechanical crushing of molecular crystals leads to enhancement of the non-radiative transition in the quantum process. We consider that the shock wave irradiation promotes effective mechanical crushing of organic crystals and the formation of the excited state of the ligands such as in the X-ray scintillation effect. 29 
Conclusions
In this study, Eu III coordination polymer [Eu3(hfa)9(tppb)2]n with effective photo-and triboluminescence properties was performed for the first time. Successful observations were achieved using close packing structures of the Eu III coordination polymer. The photosensitized luminescence efficiency Φπ-π* of [Eu3(hfa)9(tppb)2]n excited at 355 nm was also found to be 64%, although we cannot observe TL from [Eu3(hfa)9(tpptz)2]n (Φπ-π* = 38%) or [Eu(hfa)3(dpbp)]n (Φπ-π* = 29%). Highly photosensitized luminescence efficiency for Eu III coordination compound should be also key point for observation of triboluminescence. The effective molecular design and experimental analysis of twodimensional luminescent lanthanide coordination polymers are expected to open-up a new frontier between coordination, material, and photophysical chemistry. 
Preparation of 1,3,5-tris(4-diphenylphosphorylphenyl) benzene (tppb):
A solution of n-BuLi (7 mL, 1.6 M hexane, 11 mmol) was added dropwise to a solution of 1,3,5-tris(4-bromophenyl)benzene (2.0 g, 3.7 mmol) in dry THF (40 mL) at -78°C. The addition was completed in ca. 10 min during which time a white yellow precipitate was formed. The mixture was stirred for 2 h at -10°C, after which a PPh2Cl (2 mL, 11 mmol) was added dropwise at -78°C. The mixture was gradually brought to room temperature, and stirred for 18 h. After the reaction, the product was extracted with dichloromethane (30 ml × 3), and then washed with brine for three times. The dichloromethane solution was dried using anhydrous MgSO4 and concentrated to dryness. The obtained white powder and dichloromethane (ca. 30 mL) were placed in a flask. The solution was cooled to 0°C and then 30% H2O2 aqueous solution (8 mL) was added to it. The reaction mixture was stirred for 2 h. The product was extracted with dichloromethane, the extracts washed with brine for three times and dried over anhydrous MgSO4. The solvent was evaporated to afford a white powder. The crude materials were separated using a silica-gel chromatography (methanol / ethyl acetate 1:5), and titled compound was recovered as a white solid (0.72 g, 28%). 
Preparation of 2,4,6-tris(4-diphenylphosphorylphenyl-phenyl)-1,3,5triazine (tpptz):
The 2,4,6-tris(4-bromophenyl)-1,3,5-triazine (0.2, 0.37 mmol) and tetrakis(triphenylphosphine)palladium(0) (14 mg, 0.012 mmol) were added into a 5 ml of DMF under argon. Triethylamine (0.2 ml, 1.4 mmol) and diphenylphosphine (0.22 ml, 1.3 mmol) were added into the DMF solution. The reaction mixture was heated to 130˚C for 24 h. After the reaction, the product was extracted with dichloromethane (30 ml × 3), and then washed with brine for three times. The dichloromethane solution was dried using anhydrous MgSO4 and concentrated to dryness. The obtained white powder and dichloromethane (ca. 30 mL) were placed in a flask. The solution was cooled to 0°C and then 30% H2O2 aqueous solution (8 mL) was added to it. The reaction mixture was stirred for 2 h. After the reaction, the product was extracted with dichloromethane (30 ml × 3), and then washed with brine for three times. The dichloromethane solution was dried using anhydrous MgSO4 and concentrated to dryness. The crude materials were separated using a silica-gel chromatography (methanol / ethyl acetate 1:5), and titled compound was recovered as a white solid (0.14 g, 43%). 1 
Preparation of Tris(hexafluoroacetylacetonato)euro-pium Dihydrates [Eu(hfa)3(H2O)2]:
Europium acetate monohydrate (5.0 g, 13 mmol) was dissolved in distilled water (20 mL) in a 100 mL flask. A solution of 1,1,1,5,5,5-hexafluoro-2,4-pentanedione (7.0 g, 34 mmol) was added dropwise to the solution. The reaction mixture produced a precipitation of white yellow powder after stirring for 3 h at room temperature. The reaction mixture was filtered, and the resulting powder was recrystallized from methanol/water to afford colorless needle crystals of the titled compound (9.6 g, 95%). IR (KBr): 1650 cm -1 (st, C=O), 11451258 cm -1 (st, C-F); elemental analysis calcd (%) for C15H7EuF18O8 (809.91): C 22.27, H 0.87; found: C 22.12, H 1.01.
Preparations of [Eu(hfa)3(dpbp)]n coordination polymer:
The dpbp ligand (120 mg, 0.22 mmol) and [Eu(hfa)3(H2O)2] (178 mg, 0.22 mmol) were dissolved in methanol (20 mL). The solution was refluxed while stirring for 8 h, and the reaction mixture was concentrated to dryness. The resulting powder was washed with chloroform for several times. The powder was dried to afford a white powder. A single crystal suitable for X-ray structural determination of Eu III coordination polymer was obtained by the diffusion method of methanol-chloroform solution at room temperature. Optical Measurements: Absorption and emission spectra of the lanthanide complexes were measured with a JASCO V-670 spectrophotometor, JASCO F-6300-H spectrometer and Horiba Fluorolog spectrometers, which corrected for the response of the detector system. The emission quantum yields excited at 370 nm (Φπ-π*) were estimated using a JASCO F-6300-H spectrometer attached with JASCO ILF-53 integrating sphere unit (φ = 100 nm). The wavelength dependence of the detector response and the beam intensity of the Xe light source for each spectrum were calibrated using a standard light source. The emission spectra are normalized with respect to the magnetic dipole transition intensities at 592 nm (Eu: 5 D0-7 F1), which are known to be insensitive to the surrounding environment of the lanthanide ions. Emission lifetimes of lanthanide coordination polymers were measured using the third harmonics (355 nm) of a Q-switched Nd: YAG laser (Spectra Physics, INDI-50, fwhm = 5 ns, λ = 1064 nm) and a photomultiplier (Hamamatsu Photonics, R5108, response time ≤ 1.1 ns). The Nd:YAG laser response was monitored with a digital oscilloscope (Sony Tektronix, TDS3052, 500 MHz) synchronized to the single-pulse excitation. Emission lifetimes were determined from the slope of logarithmic plots of the decay profiles. The TL spectrum of [Eu3(hfa)9(tppb)2]n using multi-channel high-speed spectro-analyzer (HAMAMATSU photonics multichannel analyzer PMA-11). The decay profile of triboluminescence of [Eu3(hfa)9(tppb)2]n were measured using nano-second laser pulse (Nd:YAG, λ = 1064 nm, fwhm = 5 nm, pulse energy = 0.1 mJ) for high-speed crushing of the crystals.
Calculation of the emission quantum yields:
The 4f-4f emission quantum yields (Φ4f-4f), and the radiative (kr) and nonradiative (knr) rate constants were estimated ( Table 1) where AMD,0 is the spontaneous emission probability for the 5 D0-7 F1 transition in vacuo (14.65 s −1 ), n is the refractive index of the medium (an average index of refraction equal to 1.5 was employed), and (Itot / IMD) is the ratio of the total area of the corrected Eu III emission spectrum to the area of the 5 D0-7 F1 band. 
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